This article describes resistivity imaging and natural potential (NP) data collected over six caves between the years of 2000 and 2014, which are air filled and are located in the northern part of Bexar County, San Antonio, and in the south and north of Travis County, Austin, Texas. All caves were encountered through drilling and/ or excavation for construction and utility lines or power pole reconstructions. The study area falls into the part of the Recharge Zone of the Edwards Aquifer region and it represents a well-developed karstified and faulted limestone (Stein and Ozuna, 1996) .
Introduction
Currently, several geophysical methods exist to locate subsurface voids. These geophysical methods are resistivity (2D and 3D), NP, ground penetrating radar (GPR), gravimetry, magnetics, electromagnetics, and seismic (refraction, reflection and shear waves). The NP method is also called as self-potential.
Detecting incipient sinkholes, bedrock cavities, rock pinnacles, and other karst-related features using these geophysical methods has been proven over the years (Ahmed and Carpenter, 2003; Dobecki and Church, 2006) . But each method has limitations in depth and resolution accuracy based on geological factors and void size, shape, and orientation. In addition, some methods, such as gravity, and seismic, take longer and they may be cost-inhibitive.
We have collected geophysical data over the Edwards Aquifer in the San Antonio and Austin areas for the last 15 years. We have used almost all methods mentioned above. Based on these results, we conclude that the best methods have been the combination of NP and resistivity techniques (Saribudak, M., 2010; Saribudak, 2011; Saribudak et. al., 2012a; Saribudak et. al, 2012b; Saribudak et al, 2013) .
The 2D resistivity method images the subsurface by applying a constant current in the ground through two current electrodes and measuring the resulting voltage differences at two potential electrodes some distance away. An apparent resistivity value is the product of the measured resistance and a geometric correction for a given electrode array. The geometric factor incorporates the geometric arrangement of the electrodes and contributes a unit length, giving apparent resistivity values in units of ohm-meters (Ω-m). Resistivity values are highly affected by several variables; including the presence of water or moisture, the amount and distribution of pore space in the material, and temperature.
Based on our experience on the Edwards Aquifer, the expected resistivity for weathered limestone varies between 50 to 300 Ω-m, while fresh limestone is expected to produce a range of values between 350-10,000 Ω-m and more. The presence of moisture or groundwater reduces resistivity values. The presence of air-filled caves causes the highest resistivity values, but it is rare that caves are purely filled with air. A variety of sediments accumulates in caves and can be preserved more or less intact for long periods of time (Palmer, 2007) . The presence of sand, gravel, and clay deposits; mineralization; faults and fractures; and perched water in caves are the rules rather than the exception. Clay-filled caves cause low resistivity values.
We acquired the resistivity data using an Advance Geosciences, Inc. (AGI) SuperStingR1 and R8 resistivity systems. We processed the data using AGI's 2D EarthImager software.
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There is no commercially available NP geophysical instrument in the geophysical market. For this reason, we developed a NP system to locate karstic features. We processed the NP data using Geosoft Oasis Montaj Mapping software.
Two Case Studies from San Antonio Area
The location of two caves from the San Antonio area is shown with a red square in Figure 1 .
Cave 1
A series of voids (cave 1) was encountered during the installation of piers into the Person Formation of Edwards Aquifer limestone (Stein and Ozuna, 1996) for a construction project. These voids had a depth of about 4 m (15 ft) and appear to be connected. Combination of lowering a tape and a video camera indicated that the cave extended as deep as 50 ft. The cave was wet and air-filled.
Following the discovery of the voids, geophysical surveys were conducted to evaluate the extent of the cave and the voids. Geophysical surveys included, resistivity, NP and ground penetrating radar methods.
Four resistivity profiles, with a profile spacing of 6 m (20 ft) were acquired across the pier locations and adjacent areas. Figure 2 displays one of the resistivity imaging profiles along with 4 borehole locations, three of which encountered the cave. The resistivity data show that the cave encompasses high resistivity (10000 Ohm-m), Four resistivity profiles were combined to create a 3-D block diagram and is shown in Figure 3 . A 3-D topview of the cave area is also shown in Figure 3 . The known void locations encountered by borehole drilling are shown with red circles. Three borehole locations that did not encounter the cave are shown with yellow circles. Note that the boundaries of the cave defined by the borehole data include the low and medium resistivity values as in the 2-D resistivity profile. The 3-D image of the resistivity data appear to define the geometry of the cave much better than the 2-D resistivity data. Figure 4 shows a NP profile along the same resistivity profile shown in Figure 2 . The NP data indicates a significant low anomaly where the cave is located. Correlation of the both data sets suggest that it would have been difficult to determine the precise location of the cave with only the resistivity data without either having boreholes or the NP data.
Cave 2
Cave 2 was observed along a utility trench in the north of San Antonio (Figures 1 and 5) . The trench was about 4 m (15 ft) deep and 35 m (112 ft) long. The cave was airfilled and its width along the trench was about 4 m (15 ft). A measuring tape was lowered into the cave and its apparent depth was determined to be 9 m (30 ft). medium range resistivity values (300 to 800 Ohm-m), not high resistivity values, across the air-filled cave. The cave's geometry defined by the resistivity data is quite correlative with the observed dimensions of the cave, The resistivity data also indicate a well-defined high resistivity anomaly between stations 49 and 55 m (160 and 180 ft), which could be interpreted as an air-filled cave by a novice interpreter based on the resistivity data only.
The NP data provided in Figure 7 shows a significant low NP anomaly across the cave. However, the NP data does not indicate any anomaly over the high resistivity anomaly that was located to the north of the cave.
Three Case Studies from the Austin Area
Three case studies were performed over the Edwards Aquifer in the Austin area (see Figure 1 for general location). A cave location was determined during the geophysical field work and borehole drilling in the year of 2008. The purpose of the study was to locate potential karstic features along a transmission line, which consisted of 25 transmission poles with 300 m (1000 ft) spacing.
Cave 3
A resistivity survey was conducted across the location of transmission number 15, and is shown in Figure 8 . The resistivity values across the profile range between 10 and 10,000 Ohm-m. The resistivity data did not indicate any significant karstic features beneath the proposed transmission pole location. However, the NP data collected along the same profile shows a high NP anomaly where the proposed pole is located Figure 9 ). This is a typical NP anomaly indicating presence of a cave.
A borehole was drilled at the proposed location, down to 25 ft depth and a 2.5-inch downhole camera was lowered into it. A cave passage at 5.2 m (17 ft) depth was encountered and it blew moist air. Another karstic feature (a minor void and a fracture) was observed at 7.2 m (24 ft) (Pete Sprouse of Zara Environmental, LLC, Pers. Comm., 2010).
In the light of the borehole data, the resistivity data did not show any specific anomaly indicating the potential presence of the cave; however, the NP data did display a unique M-shaped anomaly where the cave is located. The pole location was relocated to 20 ft to the north of the proposed location and did not have voids or caves.
Caves 4 and 5
The City of Austin Watershed Protection performed a hydrogeologic investigation related to the design and construction of the Martin Hill Transmission Main (TM) on the Northern Edwards Aquifer Recharge Zone. Several karst features have been identified by the City of Austin in the vicinity of the Recharge Zone. These features include a sinkhole/cave opening located behind McNeil High School; the McNeil Bat Cave, located on the east side of the high school; and 3 caves (Weldon Cave, No Rent Cave) located west of the high school and McNeil Bat Cave. To acquire such information and address these concerns multiple geophysical surveys (resistivity, NP, GPR, magnetic and conductivity) were performed across the site (Figure 10 ). The GPR, magnetic, and conductivity data did not provide useful subsurface information due to the presence of cultural features and the conductive soil along the geophysical profile. In this paper only the resistivity and NP results along the McNeil Road profile will be discussed. A combination of resistivity and NP data from the west side of the study area is provided in Figure 11 . The resistivity data shows a high resistive layer undulating under a low resistive layer along the profile. There is no striking resistivity anomaly due to a karstic feature across the Creek. However, the NP data displays a significant anomaly, in terms horizontal coverage of 60 m (~200 ft) and a magnitude of 50 mV.
Another combination of resistivity and NP data from the east side of the study area, where the McNeil High School is located, is shown in Figure 12 . The resistivity data shows a high resistive unit (red and yellow in color) in the middle of the profile and it is enclosed by two low resistivity layers below and above. The high resistivity unit appears to thicken to the east of the letter B. This observation would signal a clue to an experienced interpreter that there could be a karstic feature in this area.
The NP data, however, clearly displays a major anomaly between the stations 121 m (400 ft) and 168 m (400 and 550 ft), and is annotated with the letter B. The maximum magnitude of this anomaly is about 40 mV. After the discovery of the cave, geophysical surveys (resistivity and NP) were performed to map the karstic features. The purpose of the work was to define geology along the wastewater line and map potential karstic features. The length of the profile was extended 200 ft further north from the northern end of the trench.
The resistivity data is given in Figure 17 . The cave locations on the western sidewall of the trench are exposed on the southern and northern ends, and are superimposed on the resistivity profile. A groundwater flow channel is observed from the northern cave to the southern cave. Resistivity values in the vicinity of the caves vary between 50 to 5000 Ohm-m. It is difficult to determine the cave locations based on the resistivity data.
Note that the high resistive pinnacle shown with a red color between the two caves on the resistivity section, based on the trenching, is not defined as a karstic feature. The NP data is provided in Figure 18 , which indicates a strong but linear NP gradient towards to the north. It is not possible to detect small NP anomalies along the profile with the superimposition of such a high gradient. The source of the high NP gradient could be due to the significant ground water flow from the north to the south.
The majority of the high gradient NP data was clipped out (a sort of regional removal) between stations 76 m (250 ft) to (121) 400 ft, and the rest of the profile is provided in Figure 19 . The NP data indicates three NP anomalies as shown with letters A, B and C. The locations of these anomalies are correlative with the two cave locations exposed on the side wall of the trench. The resistivity data did not show the presence of the air-filled caves along the trench; however, the NP data did locate them with a good accuracy. The trench was completed up to the northern end of the geophysical profile without encountering any void as the NP data predicted.
Conclusion
It is clear from the ongoing discussion above that the 2-D resistivity data does not specifically determine where karstic features are located in the subsurface. However, it provides significant information on the near-surface geology and geological structure. In addition, the combination of 2D and 3D resistivity measurements illustrates the subsurface conditions in a sufficiently accurate manner as shown in Cave 1 case study.
The NP data, on the other hand, notably defines the location of karstic features. Thus the merits of integrating NP method along with the resistivity imaging, in order to reduce the ambiguity in the interpretation, are evident. 
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Thus the best methods are chosen to be the NP and resistivity techniques over the Edwards Aquifer.
